Biomedical vocabularies and ontologies aid in recapitulating biological knowledge. The annotation 26 of gene products is mainly accelerated by Gene Ontology (GO) and more recently by Medical 27 Subject Headings (MeSH). Here we report a suite of MeSH packages for chicken in Bioconductor 28 and illustrate some features of different MeSH-based analyses, including MeSH-informed enrichment 29 analysis and MeSH-guided semantic similarity among terms and gene products, using two lists 30 of chicken genes available in public repositories. The two published datasets that were employed 31 represent (i) differentially expressed genes and (ii) candidate genes under selective sweep or epistatic 32 selection. The comparison of MeSH with GO overrepresentation analyses suggested not only that 33 MeSH supports the findings obtained from GO analysis but also that MeSH is able to further enrich 34 the representation of biological knowledge and often provide more interpretable results. Based on 35 the hierarchical structures of MeSH and GO, we computed semantic similarities among vocabularies 36
Introduction
(i.e. MeSH or GO term) was calculated by
where S is the total number of selected genes, N is the total number of analyzed genes, and k is content IC(t) = − log p(t), where p(t) is the probability of occurrence of the term t and its children 155 terms in MeSH or GO hierarchy. The semantic distance metric is a function of 156 Dist = IC(t 1 ) + IC(t 2 ) − 2IC(M ICA),
where MICA is the most informative common ancestor. enriched with differentially expressed genes (File S1). Similarly, MeSH terms related to Wnt proteins and signalling pathways, such as Wnt Proteins (MeSH:D051153), Wnt4 Protein (MeSH: D060528), 200 Wnt1 Protein (MeSH:D051155), and their counterparts in GO, such as regulation of Wnt signal- 201 ing pathway (GO:0030111) and Wnt signaling pathway (GO:0016055), were found as significant. 202 The Wnt proteins are known to interact with lipids. We also found Steroid 17-alpha-Hydroxylase 203 (MeSH:D013254) and steroid 17-alpha-monooxygenase activity (GO:0004508) as significant terms; 204 these two categories are enriched in genes involved in the synthesis of lipids. Moreover, we detected 205 some MeSH terms related to the immune system regulation (e.g., Interleukin-6 (MeSH:D015850) 206 and Chemokines (MeSH:D018925)). Lastly, Glycoproteins (MeSH:D006023), is produced from the 207 gene AHSG and plays a role in glucose metabolism and the regulation of insulin signaling. Taken 208 together, our findings confirm that MeSH enrichment analysis can either reinforce findings from 209 GO or even bring an additional biological insight. Figure 2 depicts the semantic similarity between 210 significant MeSH terms in the Chemicals and Drugs category. In general, this subset of MeSH terms 211 showed low to high levels of semantic similarity. 212 For the Diseases category, which is unique to MeSH-based analysis, a subset of significant 213 MeSH terms that deserves particular attention in the area of feed efficiency and lipid metabolism 214 in poultry is highlighted in Table 2 . For instance, Hyperplasia (MeSH:D006965) is a potential 215 contributor to abdominal fat mass in broiler chickens; its relationship with Diabetes Mellitus, Type 2 216 (MeSH:D003924) is well-documented in humans. Some MeSH terms directly related to the immune 217 function, such as Newcastle Disease (MeSH:D009521) and Inflammation (MeSH:D007249), also 218 showed a significant enrichment with differentially expressed genes. Interestingly, Hyperplasia and 219 Inflammation showed a moderate semantic similarity according to the MeSH hierarchy (File S1). 220 Selective Sweep Data: Table 2 shows the results of the MeSH-informed enrichment analysis 221 using genes putatively swept or under epistatic selection derived from a chicken diversity panel. 222 Most of these terms are related to insulin metabolism. For instance, resistance to insulin occurs 223 in birds due to high plasma glucose and fatty acid levels; this is supported by Insulin Resistance Gene semantic similarity deacetylase 9 (HDAC9) were highly related based on both MeSH and GO-guided semantic similarity 255 analyses. All these genes are involved in chromatin organization and regulation of gene expression. 256 Moreover, particular attention was paid to the top five candidates under epistatic selection reported 257 by Beissinger et al. (2015) . These genes are adenylate cyclase 5 (ADCY5), myosin light chain ki-258 nase (MYLK), phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit beta (PIK3CB), 259 calcium binding protein 39 (CAG39), and interleukin 1 receptor accessory protein (IL1RAP). Al-260 though none of these pair of genes appeared in a GO-based similarity matrix, ADCY5 and MYLK 261 presented a low to moderate gene semantic similarity based on the MeSH hierarchy (File S4).
262

Discussion
263
This article reports the MeSH analysis for chicken using the newly developed Bioconductor packages.
264
These new resources enabled us to carry out different MeSH-based analyses, including enrichment 265 analysis and MeSH-guided semantic similarity among functional terms and gene products. We 266 exemplified the potential usefulness of these MeSH-based approaches by using two different publicly 267 available chicken data.
268
The adipose tissue is the major site for lipid deposition and lipid metabolism, and it plays 269 a central role in energy homeostasis. Unsurprisingly, several MeSH terms closely related to fat 270 metabolism, such as Lipoproteins, Apolipoproteins, Fatty Acid-Binding Proteins, and PPAR alpha, 271 were significantly enriched with genes that showed differential expression in fat tissue between high 272 and low feed efficiency broiler chickens. We found some genes were annotated by the same MeSH 273 terms. For instance, gene overlap between Lipoproteins and Apolipoproteins was one-half and 66% 274 of genes were shared between Fatty Acid-Binding Proteins and PPAR alpha. It is likely that this 275 gene overlap is observed because each MeSH term inherits all annotations from its more specific child that these pairs of genes are likely to be related to each other, as they have been predicted to be 296 involved in the same selected phenotype. Our finding that one pair showed at least a weak semantic 297 similarity may be interpreted as evidence that these two genes, ADCY5 and MYLK are the most 298 likely among the set to truly be epistatic. TSKU  WNT11  HSPB1   ASL2  ANG  PRRX1  SPINK7   SPP2  LBFABP   SOX9  SDK2  PNAT3  DKK3  SEMA3D   TNNI2  NTRK3  APOA1  CYP17A1   RELN  SEMA3C  SEMA3E   SFRP2   FGB  FGA  MSMO1   PON2  GREM1  AGPAT9  IGFBP2  CYB5A   TTR  ALDH1A1  COL8A1  ALDOB   CPZ  FGFR3   FZD6  GAL10  INSIG1   GAL8  GAL9  ALB  NTN1  ARL2BP   DBN1  LCAT   ACE  NFASC  CITED4  TSKU  WNT11  HSPB1  ASL2  ANG  PRRX1  SPINK7  SPP2  LBFABP  SOX9  SDK2  PNAT3  DKK3  SEMA3D  TNNI2  NTRK3  APOA1  CYP17A1  RELN  SEMA3C  SEMA3E  SFRP2  FGB  FGA  MSMO1  PON2  GREM1  AGPAT9  IGFBP2  CYB5A  TTR  ALDH1A1  COL8A1  ALDOB  CPZ  FGFR3  FZD6  GAL10  INSIG1  GAL8  GAL9  ALB  NTN1  ARL2BP DBN1 LCAT TSKU  WNT11  HSPB1   ASL2  ANG  PRRX1  SPINK7   SPP2  LBFABP   SOX9  SDK2  PNAT3  DKK3  SEMA3D   TNNI2  NTRK3  APOA1  CYP17A1   RELN  SEMA3C  SEMA3E   SFRP2   FGB  FGA  MSMO1   PON2  GREM1  AGPAT9  IGFBP2  CYB5A   TTR  ALDH1A1  COL8A1  ALDOB   CPZ  FGFR3   FZD6  GAL10  INSIG1   GAL8  GAL9  ALB  NTN1  ARL2BP   DBN1  LCAT   ACE  NFASC  CITED4  TSKU  WNT11  HSPB1  ASL2  ANG  PRRX1  SPINK7  SPP2  LBFABP  SOX9  SDK2  PNAT3  DKK3  SEMA3D  TNNI2  NTRK3  APOA1  CYP17A1  RELN  SEMA3C  SEMA3E  SFRP2  FGB  FGA  MSMO1  PON2  GREM1  AGPAT9  IGFBP2  CYB5A  TTR  ALDH1A1  COL8A1  ALDOB  CPZ  FGFR3  FZD6  GAL10  INSIG1  GAL8  GAL9  ALB  NTN1  ARL2BP DBN1 LCAT Figure 4 : Gene semantic similarity for the RNA-seq dataset. The higher the semantic similarity between gene pairs, the bigger (darker) the circle. Top:MeSH, Bottom:GO. CRHR1  SAMHD1  KHDRBS1  SBNO1  ACTR5  ATP2A2  SETD1B  CENPP  WNT4  PER2  INS  PDE6C  RBP4  ACAP2  SDHD  NRXN1  ATF2  OLA1  GREM1  SYT1  CRIM1  BZW2  HDAC9  QKI  MYLK  HMOX1  TOM1  LARGE  CDH10  CALD1  CYP19A1  NCALD  PAICS  ARNTL2  TEAD4  ALCAM  EPHA3  POU1F1  CHMP2B  AFAP1  CHAF1B  ERG  LAPTM4A DDX6 NTF3 SBNO1  ACTR5  ATP2A2  SETD1B  CENPP  WNT4  PER2   INS  PDE6C   RBP4  ACAP2  SDHD  NRXN1   ATF2  OLA1  GREM1   SYT1  CRIM1  BZW2  HDAC9   QKI  MYLK  HMOX1   TOM1  LARGE  CDH10  CALD1  CYP19A1   NCALD  PAICS  ARNTL2  TEAD4  ALCAM  EPHA3  POU1F1  CHMP2B   AFAP1  CHAF1B   ERG  LAPTM4A   DDX6  NTF3   CRHR1  SAMHD1  KHDRBS1  SBNO1  ACTR5  ATP2A2  SETD1B  CENPP  WNT4  PER2  INS  PDE6C  RBP4  ACAP2  SDHD  NRXN1  ATF2  OLA1  GREM1  SYT1  CRIM1  BZW2  HDAC9  QKI  MYLK  HMOX1  TOM1  LARGE  CDH10  CALD1  CYP19A1  NCALD  PAICS  ARNTL2  TEAD4  ALCAM  EPHA3  POU1F1  CHMP2B  AFAP1  CHAF1B  ERG  LAPTM4A DDX6 NTF3 Figure 5 : Gene semantic similarity for the selective sweep dataset. The higher the semantic similarity between gene pairs, the bigger (darker) the circle. Top:MeSH, Bottom:GO.
